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PERFORMANCE OF TWIN TWO-DIMENSIONAL WEDGE NOZZLES INCLUDING THRUST 

VECTORING AND REVERSING EFFECTS AT SPEEDS UP TO MACH 2.20 

Franc is  J. Capone and Donald L. Maiden 
Langley Research Center 

SUMMARY 

The performance c h a r a c t e r i s t i c s  of  twin two-dimensional nozzles ,  each hav­
ing  a f ixed  shroud and a variable-geometry wedge, have been determined i n  t h e  
Langley 16-foot t ransonic  tunnel  and i n  t h e  Langley b f o o t  supersonic  pressure  
tunnel .  The effects o f  va r ious  t a i l  i n s t a l l a t i o n s ,  t h r u s t  vec tor ing ,  and revers­
ing  were a l s o  s tudied.  The inves t iga t ion  was conducted s t a t i c a l l y  and a t  f l i g h t  
speeds up t o  Mach 2.20. The nozzle  pressure  r a t i o  o f  t he  simulated j e t  exhaust 
was var ied  up t o  26, and t h e  Reynolds number pe r  meter was var ied  depending on 
Mach number up t o  13.20 x IO6. An a n a l y t i c a l  s tudy was made t o  determine the  
effect  on ca lcu la ted  wave drag by varying the  mathematical model used t o  simu­
la te  t h e  nozzle  jet-exhaust plume. 

The r e s u l t s  showed t h a t  aeropropuls ion performance with t h e  twin-nozzle 
i n s t a l l a t i o n  ( t a i l s  o f f )  was nea r ly  i d e n t i c a l  t o  t h a t  with a single-nozzle 
i n s t a l l a t i o n  for a dry power setting a t  the  same i n t e r n a l  expansion area r a t i o .  
T h i s  s i m i l a r i t y  i n d i c a t e s  l i t t l e  or  no twin-engine i n s t a l l a t i o n  penal ty  f o r  
nozzles of t h i s  type.  The thrust-minus-afterbody drag performance of  t h e  twin­
nozzie  i n s t a l l a t i o n  is s i g n i f i c a n t l y  higher  than the  performance achieved w i t h  
twin axisymmetric nozzle i n s t a l l a t i o n s  a t  speeds g r e a t e r  than  a Mach number of 
0.8. S ign i f i can t  jet-induced l i f t  can be obtained on aft-mounted l i f t i n g  sur­
faces using a cambered two-dimensional wedge centerbody t o  vec tor  j e t  exhaust 
t h r u s t  downward. However, thrust-minus-drag performance is degraded up t o  14 
and 43 percent  of ideal g ross  t h r u s t  f o r  wedge angles  of  1 2 O  and 24O, respec­
t i v e l y .  The two-dimensional wedge nozzle with r eve r se r  panels  exhib i ted  very 
e f f e c t i v e  s ta t ic  or i n - f l i g h t  t h r u s t  revers ing  c h a r a c t e r i s t i c s .  However, care 
must be exercised when i n t e g r a t i n g  t a i l  su r faces  because of t h e  p o t e n t i a l  f o r  
l o s s e s  i n  s t a b i l i t y  and con t ro l  e f f ec t iveness .  The values  of a n a l y t i c a l l y
determined supersonic  wave drag are highly dependent upon the  mathematical model 
used t o  s imulate  the  nozzle jet-exhaust plume. The r e s u l t s  i nd ica t e  t h a t  d i f f e r ­
en t  mathematical models are needed t o  s imulate  je t -of f  and power-on condi t ions.  

INTRODUCTION 

Multimission m i l i t a r y  aircraft are usua l ly  required t o  opera te  a t  subsonic 
t o  supersonic  speeds over a wide range of  engine pressure  r a t i o s .  The a t t a i n ­
ment of high performance is dependent upon the  minimization of  i n t e r f e rence  
effects  r e s u l t i n g  from t h e  i n t e g r a t i o n  of  t h e  propuls ion system i n t o  t h e  air­
frame. Past aircraft  have been b u i l t  with axisymmetric nozzles  because of  t h e i r  
higher  i n t e r n a l  performance and t h e i r  ease of mating t o  t h e  engine-augmentor
duct .  However, the  i n s t a l l a t i o n  o f  twin engines with axisymmetric nozzles  



usual ly  r e s u l t s  i n  t he  aircraft having large boa t t a i l ed  l lgutter ' l  i n t e r f a i r i n g  
or base regions between the nozzles.  These reg ions ,  as w e l l  as the  nozzle boat-
t a i l ,  t a i l  surfaces, and booms are sub jec t  t o  adverse in t e r f e rence  e f f e c t s ,  
e spec ia l ly  i f  t he  ex te rna l  flow sepa ra t e s  from the  af terbody near t h e  nozzle 
e x i t s  (refs. 1 t o  3 ) .  

If properly in t eg ra t ed  w i t h  the airframe, two-dimensional wedge nozzles can 
o f f e r  improved aeropropulsion performance by e l imina t ing  the  l a rge  b o a t t a i l  gut­
ters or base regions between the  engine nace l l e s ;  e l imina t ion  of t a i l  support  
booms may a l s o  be poss ib le .  The two-dimensional wedge nozzle o f f e r s  add i t iona l  
advantages i n  t h a t  it can be adapted f o r  i n - f l i g h t  t h r u s t  vector ing and/or 
t h r u s t  revers ing ,  the b e n e f i t s  of which are discussed i n  re ferences  4 and 5 ,  
respec t ive ly .  Although the  two-dimensional nozzle may be-heavier  than an axisym­
metric nozzle ,  t he  wedge centerbody can be used as a carry-through s t r u c t u r e  f o r  
the  hor izonta l  t a i l s  t o  reduce a i rcraf t  weight. 

Because of  the  p o t e n t i a l  advantages of fe red  by the  two-dimensional wedge 
nozzle,  t he  Langley Research Center has undertaken a two-phase experimental pro­
gram t o  eva lua te  t he  aeropropulsion performance characteristics of these noz­
z l e s .  The first phase, conducted on an i s o l a t e d  single-engine conf igura t ion ,  
inves t iga ted  two nozzle  concepts and the  effects of s e v e r a l  geometric va r i ab le s  
such as i n t e r n a l  expansion area r a t i o ,  cowl b o a t t a i l  angle ,  and wedge half-angle 
on nozzle performance. R e s u l t s  from these i n v e s t i g a t i o n s ,  presented i n  r e f e r ­
ences 6 and 7 and summarized i n  re ference  8 ,  ind ica ted  performance comparable t o  
t h a t  of axisymmetric nozzles a t  t ransonic  speeds.  

The second phase of t he  experimental program w a s  conducted on a twin-engine 
propulsion s imulator  wi th  twin two-dimensional wedge nozzles ,  and r e s u l t s  f o r  
t h i s  phase are reported herein.  The ob jec t ives  of t h i s  i nves t iga t ion  were t o  
determine the  e f f e c t s  of twin-nozzle i n s t a l l a t i o n  and t a i l  in t e r f e rence  on noz­
z l e  and af terbody performance and t o  assess the  in - f l i gh t  t h r u s t  vector ing and 
reversing c h a r a c t e r i s t i c s  of t h i s  unique nozzle.  Th i s  i nves t iga t ion  was con­
ducted i n  the  Langley 16-foot t ransonic  tunnel  and i n  the  Langley 4-foot super­
sonic  pressure tunnel  a t  speeds up t o  Mach 2.20 over a range of nozzle pressure 
r a t i o s .  A b r i e f  summary of the  resul ts  of t h i s  i nves t iga t ion  are presented i n  
re ferences  8 and 9.  

SYMBOLS 

A l l  fo rce  and moment c o e f f i c i e n t s  are referred t o  the  body-axis system 
except l i f t  and drag, which are referred t o  the  s t a b i l i t y - a x i s  system. The 
moment re ference  cen te r  was located a t  fuselage s t a t i o n  73.10 cm, the  loca t ion  
which corresponds t o  the  force-balance p i t c h  cen te r .  A t  s ta t ic  condi t ions,  ambi­
en t  pressure is s u b s t i t u t e d  f o r  free-stream dynamic pressure.  

A e  nozzle e x i t  a r e a ,  cm2 

Ae,x a rea  of t h e o r e t i c a l l y  f u l l y  expanded flow a t  wedge t i p ,  cm2 

Am model maximum cross-sec t iona l  area, 284.784 cm2 
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Aseal 

A t  

C D , a  

C D , f  

CD,int 

cD,w 

ACD, i n t  

c F , i  

~ ( F - D )  

c F , j  

CL,o 


ACL 

c, 

Cm 

c ross -sec t iona l  area enclosed by seal s t r i p ,  266 .OOO cm2 

nozzle t h r o a t  area, cm2 

afterbody drag c o e f f i c i e n t ,  D a  

sk in  f r i c t i o n  drag c o e f f i c i e n t ,  Df 
q,Am 

i n t e r f e r e n c e  drag c o e f f i c i e n t  

wave drag c o e f f i c i e n t ,  	 .-DW 
q,Am 

incremental i n t e r f e r e n c e  drag c o e f f i c i e n t  

ideal  i s e n t r o p i c  gross t h r u s t  c o e f f i c i e n t ,  	-F i  
q.Jm 

thrust-minus-drag c o e f f i c i e n t ,  	 F - D 
q,Am 

nozzle t h r u s t  c o e f f i c i e n t  measured a t  s t a t i c  cond i t ions ,  F j  
PaAm 

t o t a l  l i f t  c o e f f i c i e n t  inc luding  t h r u s t  component on metric po r t ion  o f  
model, -L i f t  

q.2, 

j e t -of f  l i f t  c o e f f i c i e n t  

incremental l i f t  c o e f f i c i e n t ,  CL - C L , ~  

rolling-moment c o e f f i c i e n t  on metric po r t ion  of model, moment 

t o t a l  pitching-moment c o e f f i c i e n t  inc luding  component due t o  t h r u s t  
measured on metric po r t ion  o f  model, Pitching moment 

%,Am1 

je t  pitching-moment c o e f f i c i e n t  measured a t  s ta t ic  condi t ions ,  
Jet p i t ch ing  moment 

PaAml 

j e t  normal-force c o e f f i c i e n t  measured a t  s t a t i c  condi t ions ,  
Jet normal f o r c e  

Pa% 

CL 



Cn 

CY 

C 

-
C 

D 

Da 

Df 

Dint 

Dn 

D W  

F 

FA 

FA,  b a l  

FA, mom 

Fg 

F i  

F j  

1 


M 

NRe 

P a  

Pes 
-
P i  

P t , j  

4 

yawing-moment c o e f f i c i e n t  measured on metric por t ion  of model, 
Y a w i n g  moment 

%Am1 

s ide-force c o e f f i c i e n t  measured on metric por t ion  of  model, 
Side fo rce  

q,Am ' 

chord, c m  

hor izonta l  or v e r t i c a l  t a i l  mean geometric chord, c m  

t o t a l  drag of model on metr ic  por t ion  of model, N 

t o t a l  af terbody drag on model a f t  of FS 68.58 (see f i g .  2 )  including 
t a i l  su r f aces ,  N 

ex te rna l  sk in  f r i c t i o n  drag, N 

i n t e r f e rence  drag due t o  t a i l  su r face ,  N 

t o t a l  nozzle drag on por t ion  of  model a f t  of FS 112.65, N 

wave drag, N 

t h r u s t  along s t a b i l i t y  a x i s ,  N 

a x i a l  f o r c e ,  N 

r e s u l t a n t  a x i a l  fo rce  measured by balance,  p o s i t i v e  upstream, N 

momentum t a r e  a x i a l  force  due t o  bellows, N 

g ross  t h r u s t ,  N 

i d e a l  i s e n t r o p i c  gross  t h r u s t ,  N 

t h r u s t  along body a x i s ,  N 

reference length ,  1 .O cm 

free-stream Mach number 

Reynolds number pe r  meter 

ambient p r e s s u r e ,  Pa  

average ex te rna l  s t a t i c  p re s su re  a t  ex te rna l  seal, Pa  

average i n t e r n a l  s ta t ic  pressure ,  Pa 

average j e t  t o t a l  p ressure ,  Pa  



Pt,w free-stream stagnation pressure, Pa 

PW free-stream static pressure, Pa 

q, free-stream dynamic pressure, Pa 

Tt free-stream stagnation temperature, K 

x , z  airfoil ordinates, cm 

a angle of attack, deg 

&h horizontal-tail deflection, deg 

effective jet turning angle at static conditions, deg 


6r 	 rudder deflection, deg 


single vertical-tail deflection, deg
6, 


6, resultant wedge camber angle (fig. 5(a)), deg 


4 resultant thrust reverser angle (fig. 5(c)), deg 


Subscripts: 


F forward thrust mode 


R reverser thrust mode 


Abbreviations: 


ASME American Society of Mechanical Engineers 


DPR design nozzle pressure ratio 


FS fuselage station, cm 


APPARATUS AND PROCEDURE 


Model 


General arrangement.- A photograph of the model without tails is shown in 
figure 1 .  The overall arrangement of the model including the propulsion simula­
tion system is presented in figure 2. 

The fuselage had essentially rectangular cross sections with rounded cor­
ners. The body lines were chosen so as to enclose the internal propulsion sys­
tem, to provide a length of constant cross-sectional area, and to fair into the 
nozzle at FS 112.65 cm. The maximum width and height of the body were 22.86 cm 
and 12.7 cm, respectively, and the maximum body cross-sectional area was 

5 
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284.78 cm2. A 0.125-cm annular gap (metric break) between the fixed forebody 

and the remainder of the body was required to prevent fouling between the non­

metric and the metric portions of the model. A flexible teflon strip inserted 

into slots was used as a seal to prevent external flow into the model. The low 

coefficient of friction of teflon minimized restraint between the metric and non­

metric portions of the model. Only that portion of the configuration aft of the 

metric break at FS 68.58.cmis supported by the force balance and hereinafter 

force and moment data are presented for this portion of the model. 


Twin-jet propulsion simulation -5yst.m.- A sketch of the twin-jet propulsion 
simul-&em is presented in figure 2. The propulsion system internal per­
formance characteristics are given in reference 10. 

An external high-pressure air system provides a continuous flow of clean, 
dry air at a controlled temperature of about 306 K. This high-pressure air is 
brought through the support strut by six tubes into a high-pressure chamber. 
(See fig. 2.) Here, the air is divided into two separate flows and is passed 
through flow control valves. These manually preset valves are used to balance 
the exhaust-nozzle total pressure to agree to within less than 0.2 percent of 
each other (ref. 10). As shown in figure 3, the air in each supply pipe is then 
discharged perpendicular to the model axis through eight sonic nozzles equally 
spaced around the supply pipe. This method is designed to eliminate any trans­
fer of axial momentum as the air is passed from the nonmetric to the metric por­
tion of the model. Two flexible metal bellows are used as seals and serve to 
compensate the axial forces caused by pressurization. The cavity between the 
supply pipe and bellows is vented to model internal pressure. This system is 
identical to the system of reference 10 except that the separate thrust balance 
was eliminated for the present investigation. 

Basic nozzle concept.- Figure 4(a) shows a sketch of the basic variable-
geometry, two-dimensional nozzle with a collapsing wedge centerbody and a fixed-
cowl afterbody. Results from isolated single nacelle tests with this nozzle con­
cept are presented in reference 7. The wedge geometry for a flight nozzle would 
be varied by unique scissor-type linkages and hinges (ref. 11) which allow the 
nozzle exit area to be varied independently of the nozzle throat area. The 
mechanism also allows for internal expansion area ratio variation by providing 
throat transfer capability, that is, the transfer of the nozzle throat to the 
nozzle exit plane, to maintain high performance at low nozzle pressure ratios. 
For afterburner power, the wedge is collapsed to obtain the desired area ratio. 
Other features and a brief description of the design method used to define the 
internal contour lines of this nozzle are discussed in references 7 and 12. 
This nozzle concept is similar to but differs from the concept reported in ref­
erence 6 in that the configuration of reference 6 featured a collapsing wedge
with a translating shroud for internal expansion area ratio variation. 

Basic nozzle configurations.- The basic nozzle/afterbody design shown in 
figure 4(a) was based on the single-engine fixed-cowl concept of reference 7 
with the afterbody having loo boattail at the cowl trailing edge. Eased on the 
data available from reference 7, only one nozzle simulating a dry power (non­
after burning) setting was chosen to be tested as a twin-engine configuration. 
This nozzle with a 9.2O plug angle and Ae/At = 1.287 was selected because it 
was shown to have superior transonic performance. TWO nozzles simulating after­
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burner power settings with internal expansion area ratios of 1.100 (tested at 
M = 2.20 only) and 1.393 were also tested as shown in figure ‘.+(a). 

Alternate nozzle concept and configuration.- Some limited tests were con­

ducted with an alternate nozzle shown in the sketch of figure 4(b) and the photo­

graph of figure 4(c). This nozzle concept has a collapsing wedge made in two 
segments so that the wedge angle of the collapsing segment downstream from the 
dry power nozzle throat was 15O. The wedge fixed segment (FS 132.08 cm to 
FS 139.86 cm for the wind-tunnel model) has a 60 angle which results in a dis­
continuity along the wedge.surfacefor the dry power setting. The throat area 

location is fixed, and the internal expansion area ratio is provided by small 

rotating flaps. The design philosophy for this nozzle concept was to shorten 

the overall length of the wedge and hence to lighten the structural weight and 

to reduce surface area to be cooled. For the wind-tunnel model, the internal 

expansion area ratio was 1.100 for both dry and afterburner power. 


Thrust vectoring configuration.- To study the capability of the basic 

two-dimensional wedge nozzle to vector thrust by cambering the wedge, thrust 

vectoring configurations were tested for wedge-vectoring angles of 12O and 240 

(fig. 5(a)). Vectoring was accomplished only with the nozzle in the dry power

position. The same mechanisms used for varying nozzle throat and exit area are 

employed to camber the wedge (ref. 11). Photographs of the nozzle with the two 

vector angles are presented in figure 5(b). 


Thrust reversing configurations.- During this investigation, an in-flight 

thrust reverser with two reverser-panel positions (ref. 11) was studied on the 

dry power nozzle as indicated in figure 5(c). Photographs of the reversing 

configuration with the single vertical tail installation are presented in fig­

ure 5(d). One reverser position represented a nominal 50-percent deployment 

which symmetrically directed the exhaust 62.8O from the horizontal plane as 

shown in figure 5(c). The other position represented a nominal 100-percent 

deployment which directed the exhaust forward or at an angle of 134.8O 

(fig. 5(c)). The 50-percent deployed reverser was intended to simulate a 

thrust-spoiler position. 


Tail surfaces.-.The model was tested with an all-movable horizontal tail in 

combination with either a single tail or twin vertical tails as indicated in the 

sketch of figure 6(a) and the photographs of figure 6(b). The geometrical char­

acteristics of the horizontal, single, and twin vertical tails are presented in 

figure 7. The tails also had similar airfoil geometry. 


The horizontal tails were installed adjacent to the nozzle two-dimensional 

wedge on the model center line with the quarter-chord of the mean geometric 

chord (of exposed panel) nearly alined with the nozzle exit plane (fig. 7(a)). 

Horizontal-tail deflection angle was varied from -4O to 8O. 


The single vertical tail (fig. 7(b)) was mounted on the model center line, 

and the twin vertical tails (fig. 7(c)) were installed canted outboard 15O to 

the vertical plane that intersected the outside wall of the internal flow duct. 

The single tail and twin vertical tails were sized to have the same tail volume 

which is typical of twin-engine fighter airplanes. Both tails had full span

rudders with the rudder hinge line located at 0.7~. The rudder was tested at 
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deflection angles of Oo and loo. In addition, provisions were made to test 
the single vertical tail as all movable with the hinge line at 0.S. The all-
movable vertical tail was tested at Oo and 60. 

Wind Tunnel and Support System 


This investigafion was conducted in the Langley 16-foot transonic tunnel 
and in the Langley &foot supersonic pressure tunnel. The Langley 16-foot tran­
sonic tunnel is a single-return atmospheric wind tunnel with a slotted octagonal 
test section and continuous air exchange. The wind tunnel has continuously vari­
able airspeed up to a Mach number of 1.30. Test-section plenum suction is used 
for speeds above a Mach number of 1.10. A complete description of the wind tun­
nel and operating characteristics can be found in reference 13. The Langley 
4-foot supersonic pressure tunnel is a single-return, continuous-flow wind tun­
nel with a stagnation-pressure range of 27.58 kPa to 206 kPa and a stagnation-
temperature range from 310 K to 322 K. By use of flexible tunnel-nozzle walls 
fitted to a calibrated contour, the tunnel Mach number can be varied from 1.25 
to 2.20. A brief description of the Langley 4-foot supersonic pressure tunnel 
is given in reference 14. 

The model was supported in the Langley 16-foot transonic tunnel by a sting 
strut as shown in figure 1. The strut had a 4 5 O  leading- and trailing-edge 
sweep, a 50.8-cm chord, and a 5-percent-thick hexagonal airfoil in the stream-
wise direction. The model blockage ratio was 0.0015 (ratio of model cross-
sectional area to test-section area), and the maximum blockage ratio including 
the support system was 0.0020. Strut interference effects are.considered to be 
small on this model afterbody because of the low boattail angle (ref. 15). A 
similar strut without the sting was used in the Langley 4-foot supersonic pres­
sure tunnel installation to mount the model on the wind-tunnel center line from 
one of the wind-tunnel sidewalls. The same twin-jet propulsion simulation sys­
tem including the force balance was used in both wind tunnels. Both wind tun­
nels also have similar air supplies, control equipment, and data recording 
systems. 

Test Conditions 


Tests were conducted in the Langley 16-foot transonic tunnel at Mach num­
bers from 0 to 1.30 and in the Langley 4-foot supersonic pressure tunnel at Mach 
numbers of 0 and 2.20. The ratio ,ofjet total pressure to free-stream static 
pressure varied depending on Mach number from jet off to approximately 26. For 
the performance portion of this investigation, the angle of attack was nominally 
held at a O0 angle of attack with actual angles of attack ranging from 0 to 
-O.lOo. For the thrust vectoring tests, there was an additional small decrease 
in angle of attack as pressure ratio was increased because of the method of 
model support and the manner in which data were obtained. Normally, the model 
support pitch angle is fixed as pressure ratio is increased. This decrease in 
a can be as much as l.Oo at the higher pressure ratios and Mach numbers for con­
figurations with the 240 vectored wedge and horizontal tail deflected (+). 

8 




The average Reynolds number per meter, free-stream dynamic pressure, stag­
nation pressure, and stagnation temperature are summarized in the following 
table: 

M 


0.40 

.60 

.80 

-90 

.95 

1.20 

1.30 

2.20 

2.20 


NRe per meter 


8.20 x IO6 
10.43 
12.30 
12.63 
12.80 
13.12 
13.20 
13,12 
16.40 

At M = 2.20, all tests were conducted at 
on data figures. 

~ 

qco,

kPa 


10.14 101.01 302 

19.92 101.01 316 

29.78 101.01 323 

33.92 101.01 329 

35.71 101.01 331 

41.92 101.01 344 

42.95 101.01 350 

39.37 124.11 314 

51.99 165.47 322 


NRe 13.12 x IO6 except as noted 

All tests were conducted with 0.25-cm-wide boundary-layer transition strips 
consisting of No. 100 silicon carbide grit sparsely distributed in a thin film 
of lacquer. These strips were located 2.54 cm from the tip.ofthe forebody nose 
and on both surfaces of the horizontal and vertical tails at 5 percent of the 
root chord to 10 percent of the tip chord in accordance with the recommendations 
of references 16 and 17. 

Instrumentation 


External aerodynamic and internal nozzle forces and moments were measured 

by an internal, six-component strain-gage balance. Eight external static pres­

sures were measured at the sealed metric break at approximately FS 68.58 cm. 
Four of these pressure orifices were located on the nonmetric forebody, and four 

were located on the metric afterbody at meridian angles. All these orifices 

were spaced every 900. These pressure measurements were used to correct the mea­

sured axial forces for pressure-area force tares. Four internal pressures were 

measured in the vicinity of the sealed metric break, and four internal pressures 

were located inside the model cavity at approximately FS 112.00 cm. One inter­

nal pressure measurement was made near the nose of the model. These pressures 

were also used to determine pressure-area force tares. 


A turbine flowmeter (external to the wind tunnel) was used to measure total 

mass-flow rate to the nozzles. In addition, the pressure and temperature in 

each supply pipe was measured prior to discharge of the flow through the eight

sonic nozzles in order to determine mass-flow rate to each nozzle. These flow 

measurements were used independently to check the mass-flow rate as determined 

by the flowmeter. The two flow measurements usually agreed to within 1/2 per­

cent of each other. Flow conditions in each nozzle were determined from a 

rake located at FS 104.52 cm (fig. 2). Each rake contained 10 total pressure 
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probes and two total temperature (chromel-alumel thermocouples) probes. All 
pressures were measured with individual pressure transducers. At each test con­
dition, approximately 10 samples of data were recorded on magnetic tape over a 
period of about 10 sec. The average of the 10 samples was used for computa­
tional purposes. 

DATA REDUCTION PROCEDURE 


Data Adjustments 


External aerodynamic and internal forces and moments were measured by an 
internal six-component force balance. Because the center line of the force 
balance was located above the jet center line (fig. 21, a force and moment inter­
action between the bellows flow transfer system (fig. 3 )  and force balance 
existed. Consequently, single and combined calibration loadings of normal force 
and pitching moment were made with and without the jets operating with an ASME 
calibration nozzle. These calibrations were performed with the jets operating 
because this condition gives a more realistic effect of pressurizing the bellows 
than does capping off the nozzles and pressurizing the flow system. However, 
loadings were also done in the axial-force direction with the flow system capped 
off and pressurized, and this method indicated no effect on the axial force mea­
wed by the balance. Thus, in addition to the usual balance interaction correc­

tions applied for a single force balance under combined loads, another set of 

interactions for the combined loading effect of the balance with the bellows sys­

tem were made to the data from this investigation. 


Angle of attack CL was determined by applying deflection terms due to 
model and balance bending under aerodynamic load to the sting pitch angle. Cali­
brations were made with the propulsion simulation system in place to account for 
any restraints that might occur across the force balances. It should also be 
noted that some difference in angle between the nonmetric and metric portions of 
the model exists because of balance deflection alone, especially during vector­
ing operation at 6, = 24O.  No adjustment has been made for wind-tunnel flow 
angularity (approximately O.Io for most sting-supported models in the Langley 
16-foot transonic tunnel). 

Gross thrust-minus-axial force was computed from the following relationship: 

where FA bal (positive upstream) includes all pressure and viscous forces, 
internal And external, on both the afterbody and the thrust system. The second 
and third terms account for the metric break seal rim pressure forces and inte­
rior pressure forces, respectively. In terms of an axial-force coefficient, the 
second term ranges from -0.0001 to -0,0007,and the third term varies 20.0075, 
depending upon Mach number. The fourth term, which ideally should be zero, is 
a momentum tare correction and is a function of the average bellows internal 
pressure. At an internal pressure of 1380 kPa (corresponding to pt;/p,= 4.01,
this tare is approximately 5 percent of the maximum static thrust, and its 
repeatability is 0.25 percent of the maximum static thrust. This tare results 
from high internal velocities in the bellows area where the flow is being 
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ejected r a d i a l l y .  This  condi t ion  causes a pressure d i f f e r e n t i a l  t o  e x i s t  
between t h e  ends of  the  bellows. The momentum tare force  was determined from 
c a l i b r a t i o n s  p r i o r  t o  and after the  wind-tunnel tests w i t h  the s tandard calibra­
t i o n  nozzles of re ference  10. The i r is-convergent  nozzles  of  re ference  3 were 
a l s o  tested t o  a s c e r t a i n  whether t h i s  tare was inva r i an t  w i t h  nozzle t h r o a t  area 
because of  the  large d i f f e rence  i n  t h r o a t  area between the  dry power and after­
burner power nozzle  s e t t i n g s  f o r  the  cu r ren t  i nves t iga t ion .  The r e s u l t s  i nd i ­
cated no effect  of  v a r i a t i o n  of t h r o a t  area on t h i s  tare force .  

Performance Parameters 

The basic performance parameter used f o r  t he  presenta t ion  of  r e s u l t s  is  the  
aeropropulsion t h r u s t  r a t i o  (F - Da)/Fi which is the  r a t i o  o f  a c t u a l  nozzle 
thrust-minus-afterbody drag t o  t h e  ideal  nozzle t h r u s t  where 

F - Da = (F - D )  + Df 

The f r i c t i o n  drag Df f o r  t h i s  parameter is ca lcu la t ed  f o r  t h a t  por t ion  of  t h e  
model from FS 68.58 c m  t o  FS 80.77 c m  by the  method of  re ference  18. The 
r e s u l t s  (body a lone)  contained here in  are,  t he re fo re ,  d i r e c t l y  comparable w i t h  
those of re ference  3. 

The r a t i o  of a c t u a l  thrust-minus-nozzle drag t o  ideal t h r u s t  (F - Dn)/Fi 
is next  determined by adding t o  F - D the  sk in  f r i c t i o n  drag on t h a t  por t ion  
of the  model from FS 68.58 c m  t o  FS 112.65 c m  or 

T h i s  term is appl icable  only t o  t he  conf igura t ion  without t a i l s  and is  used 
f o r  comparisons between the  data of  the  cu r ren t  i nves t iga t ion  and the data of  
re ferences  6 and 7. 

T a i l  I n t e r f e rence  Parameters 

Since one of the  ob jec t ives  of t h i s  i nves t iga t ion  w a s  t o  assess t h e  i n s t a l ­
l a t i o n  effects of  the  t a i l s  on performance, an incremental  t a i l  i n t e r f e rence  
parameter is def ined simply as 

t a i l s  on - (' r,"3
body a lone  4- (OfFI ") ta i l s  

where Df is the s k i n  f r i c t i o n  drag on the  t a i l s .  The wedge and i n t e r n a l  side-
p l a t e  sk in  f r i c t i o n  drag is charged t o  nozzle performance. For Mach numbers 
g r e a t e r  than 1.00, the  wave drag D, is a l s o  included and is computed by the  
method of  reference 19. For Mach numbers less than 1.00, D, is assumed t o  be 
zero. The t a i l  in t e r f e rence  drag c o e f f i c i e n t  is then 
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Note tha t  no adjustments have been made t o  the f r i c t i o n  drag t o  account for pro­
f i l e  effects. Also included i n  the  t a i l  i n t e r f e r e n c e  parameters is the  increase  
i n  drag due t o  compress ib i l i ty  effects, e s p e c i a l l y  i n  the drag rise. T h i s  
effect is included s ince  there are no s u i t a b l e  means t o  account f o r  such terms. 

Thrust Vectoring Parameters 

From the measured a x i a l  and normal components of the  j e t  r e s u l t a n t  fo rce ,  
determined a t  s t a t i c  condi t ions  f o r  each vectored nozzle  conf igura t ion ,  an 
e f f e c t i v e  jet  turn ing  angle  is defined as 

These s ta t ic  components of the jet r e s u l t a n t  fo rce  were a l s o  used t o  determine 
the t h r u s t  cont r ibu t ion  t o  l i f t  a t  forward speeds.  T h i s  assumes no effect of 
t he  ex te rna l  flow on the j e t  turning c h a r a c t e r i s t i c s .  A s  shown i n  reference 10, 
the  ex te rna l  flow can a f f e c t  j e t  turning.  

The e f f e c t  of t h r u s t  vector ing on thrust-minus-drag performance is deter­
mined by 

Note t h a t  a component of drag D cos 6j has been subt rac ted .  This  procedure is 
not absolu te ly  co r rec t  but was done i n  t h i s  manner because the  drag cannot be 
separated from t h e  thrust-minus-drag term. 

DISCUSSION 

S t a t i c  Performance 

The s t a t i c  performance characteristics f o r  both the basic and a l t e r n a t e  two-
dimensional wedge twin-nozzle conf igura t ions  are presented i n  f igu re  8. Also 
shown is the  s ta t ic  performance f o r  t he  single-engine nozzle taken f o r  t he  model 
w i t h  A,/At = 1.300 from reference 7. The twin-nozzle performance was s l i g h t l y  
lower (less than 1/2 percent )  than the  single-nozzle s t a t i c  performance. T h i s  
d i f fe rence  is wi th in  the  accuracy band of the  two d i f f e r e n t  propulsion simula­
t i o n  systems. The lldipll  i n  the  basic nozzle,  dry power wedge performance a t  a 
nozzle pressure r a t i o  of 4.5 w i t h  the  twin-nozzle model may be caused by shock 
i n t e r a c t i o n s  t h a t  reduce pressures  ac t ing  on t h e  ex te rna l  wedge sur face .  T h i s  
c h a r a c t e r i s t i c  was not discovered during the  inves t iga t ion  of reference 7 
because data were not obtained a t  a nozzle pressure  r a t i o  of 4.5. The maximum 
obta inable  pressure r a t i o ,  a t  s t a t i c  condi t ions ,  f o r  t he  nozzle w i t h  the  after­
burner power s e t t i n g  was l imi t ed  by the  maximum flow rate of t he  system. 
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A comparison of twin- and single-engine two-dimensional wedge nozzle per­
formances at a nozzle pressure ratio.of 2.6 (corresponding to take-off condi­
tions) is presented in figure 9. Also shown for comparison are the performances 
of the axisymmetric convergent nozzles (Ae/At = 1.000) from references 15 and 20. 
Since peak nozzle performance is dependent on the nozzle internal expansion area 
ratio, only nozzles with the same Ae/At are directly comparable at this 
selected nozzle pressure ratio. Note also that most of the area ratios for the 
nozzles (both dry and afterburner power) of the present investigation are much 
higher than necessary for static take-off conditions (Ae/At = 1.050). Thus, per­
formance at the selected pressure ratio is low when compared with nozzles with 
lower internal expansion area ratios. The lower performance is primarily a 
result of overexpansion losses (Ae/At too large) since the two-dimensional noz­
zles with the lower Ae/At approach the performance of a near-ideal axisymmet­
ric nozzle. 

Aeropropulsion Performance 


The variation of the thrust-minus-afterbody drag ratio with jet nozzle pres­

sure ratio at several Mach numbers for the basic nozzle at dry and afterburner 

power settings is presented in figure IO. The large decrease in performance at 

supersonic speeds results from an increase in drag due to supersonic wave drag.

A comparison of the aeropropulsion performance of the basic and alternate nozzle 

concepts is presented in figures 1 1  and 12 for the dry and afterburner power set­

tings, respectively. These data are directly comparable to-thedata in refer­

ence 3. Figupes I3 and 14 present thrust-minus-nozzle drag ratio for the same 

model configurations as presented in figures 1 1  and 12. The results'from refer­

ence 7 for Ae/At = 1.100 and Ae/At = 1.300 are also included (fig. 13). As 
can be seen, there is a large decrease in performance for the alternate nozzle 
in the dry power setting when compared with the basic nozzle (fig. 11) or with 
the results of reference 7 for Ae/At = 1.100. The decrease in performance is 
attributed to separated flow on the wedge. At Mach numbers from 0.80 to 0.95, 
the alternate nozzle at afterburner power setting had higher performance than 
the basic nozzle up to a nozzle pressure ratio of about 3.6 (fig. 14). This 
higher performance would be expected since the internal area ratio was less. 
Supersonic performance was much less than the basic nozzle. 

The variation of ideal thrust coefficient C F , ~with jet total pressure 

for the nozzle with both power settings is presented in figure 15 for all the 

test Mach numbers. These data are presented for reference only. Figure 16 pre­

sents a schedule of the nozzle pressure ratio with Mach number for a typical

high-performance, low-bypass ratio turbofan engine. Also shown is the internal 

expansion area ratio, based on one-dimensional theoretical flow analysis,

required for optimum exhaust flow expansion for an air jet at this specified 

pressure ratio schedule. Reference to the scheduled pressure ratio is made dur­

ing subsequent discussion of the test results. 


A summary of the aeropropulsion performance (thrust-minus-nozzle drag 

ratio) of the current investigation and of references 6 and 7 are given in fig­

ure 17. Performances for nozzles with several internal area expansion ratios 

are presented at scheduled pressure ratios in order to compare single- and twin-

nozzle configurations at the same Ae/At ratio and to illustrate the effect of 
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Mach number on performance of a nozzle w i t h  f ixed  A e / A t .  It should be noted 
tha t  the  performance shown has not been optimized f o r  t he  single or the  twin 
nozzle.  Optimum thrust-minus-drag performance a t  a p a r t i c u l a r  Mach number is 
genera l ly  obtained by ad jus t ing  the  i n t e r n a l  expansion area r a t i o  A e / A t  i n  
order  t o  match the scheduled operat ing pressure  r a t i o .  For example, f o r  the 
scheduled pressure  r a t i o  of f i g u r e  16, an i n t e r n a l  expansion area r a t i o  of 1.140 
is required a t  M = 0.60; a t  M = 0.90, A e / A t  = 1.240 is needed. I n  a c t u a l  
opera t ion ,  wedge geometry would be continuously var ied  (wi th in  mechanical 
r e s t r i c t i o n s )  t o  optimize performance a t  each f l i g h t  Mach number. Thus, a com­
parison of the  performance f o r  a nozzle wi th  d i f f e r e n t  values  of  A e / A t  a t  a 
p a r t i c u l a r  Mach number only i n d i c a t e s  which nozzle  gave the better performance. 
Reference 8 po in t s  out that peak i n - f l i g h t  nozzle performance ( f o r  s i n g l e  noz­
z l e )  appeared t o  occur a t  higher nozzle pressure  r a t i o s  than ind ica ted  by one-
dimensional flow ana lys i s .  T h i s  r e s u l t  i n d i c a t e s  t h a t  t he  two-dimensional wedge 
nozzles probably should be  designed t o  opera te  s l i g h t l y  underexpanded. 

A comparison of the  dry power performance of t he  single-engine two-
dimensional wedge nozzle  (Ae/At = 1.300) from reference  7 w i t h  the  bas ic  nozzle 
of the  present  study ( A e / A t  = 1.287) a t  Mach numbers below 1.00, i n d i c a t e s  t h a t  
the  twin-nozzle performance is e s s e n t i a l l y  equal  t o  t he  single-nozzle perform­
ance ( f i g .  17).  The fact t h a t  the  performance is t h e  same (or higher)  repre­
sen t s  a r e v e r s a l  of the  t r a d i t i o n a l  t rend of i n s t a l l a t i o n  p e n a l t i e s  assoc ia ted  
w i t h  twin-nozzle conf igura t ions .  The reason f o r  t he  higher  twin-nozzle perform­
ance is a t t r i b u t e d  t o  an approximate 25-percent reduct ion of ex te rna l  wetted 
area obtained by jo in ing  the twin nozzles.  It should be noted t h a t  p a r t  of the 
twin-engine i n s t a l l a t i o n  penal ty  f o r  axisymmetric nozzles  can be a t t r i b u t e d  t o  
the  b o a t t a i l  g u t t e r  or base between the  engines.  A comparison of  t he  t h r u s t ­
minus-pressure drag (removing the ex te rna l  f r i c t i o n  drag of the  nozzles)  ind i ­
cates t h a t  t h e  twin-nozzle i n s t a l l a t i o n  does have a s l i g h t  pressure  drag penal ty  
a t  M 0.90 and 0.95. However, the  reduct ion i n  wetted area f o r  the  twin-
nozzle i n s t a l l a t i o n  more than compensates f o r  t he  p r e s s u r e  d r a g  penal ty  by a 
reduction i n  f r i c t i o n  drag. 

The basic twin-nozzle performance l e v e l  a t  M = 1.20 w a s  about 2 percent 
lower than the  s ingle-nozzle  model performance ( A e / A t  = 1.30).  This  l o s s  i n  
performance f o r  the  twin-nozzle i n s t a l l a t i o n  is a t t r i b u t e d  t o  .an increase  i n  
wave drag due t o  the  two d i f f e r e n t  model conf igura t ions  tested. The maximum 
cross-sec t iona l  area and the  o v e r a l l  length of  both models were near ly  the  same. 
However, the  twin-nozzle model c losure  rate was higher than t h a t  f o r  t he  single-
nozzle model, a d i f f e rence  which resu l ted  i n  increased twin af terbody supersonic 
wave drag. This  would probably not r e s u l t  i n  a properly designed twin-engine 
fighter a i rp l ane .  The d i f f e rences  i n  performance noted f o r  t he  s ingle- and twin-
nozzle conf igura t ions  are near ly  constant  over t he  pressure  ra t io  t e s t  range 
(ref.  8 ) .  

Twin Two-Dimensional and Axisymmetric Nozzle Comparisons 

Comparisons of aeropropulsion performance between the  twin two-dimensional 
wedge nozzle i n s t a l l a t i o n  of the  present  i nves t iga t ion  and the  twin axisymmetric 
nozzle i n s t a l l a t i o n s  are presented i n  f i g u r e s  18 t o  23. A l l  t he  axisymmetric
da ta  were obtained from the parametric i nves t iga t ion  of re ference  3 which 
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studied the  e f f e c t s  of nozzle design,  power s e t t i n g ,  af terbody shape, and nozzle 
la teral  shaping on performance. The r e s u l t s  of re ference  3 i nd ica t e  tha t  t he  
best subsonic performance f o r  an axisymmetric i n s t a l l a t i o n  was obtained on a 
c lean  afterbody with close-spaced c i r cu la r - a rc  i r is-convergent  nozzles  
i n s t a l l e d .  These data are compared with the  present  model i n  f igu re  18. Also 
included from reference 3 are the  data f o r  an af terbody with sho r t  hor izonta l  
s t a b i l i z e r  ac tua tor  f a i r i n g s  and shor t  blunt  engine i n t e r f a i r i n g s  (referred t o  
as "short  booms") and an af terbody similar t o  a cu r ren t  twin-jet  f i g h t e r  air­
craft which had a long engine i n t e r f a i r i n g  and long hor izonta l  s t a b i l i z e r  actua­
tor f a i r i n g s  ( r e f e r r e d  t o  as Yong booms"). A l l  t h r e e  a f t e rbod ies  from r e f e r ­
ence 3 ,  chosen f o r  t h i s  comparison, had t h e  same nozzle  l a t e r a l  spacing. 

Since the  axisymmetric nozzle conf igura t ions  were s l i g h t l y  wider  than the  
two-dimensional wedge nozzle af terbody,  the  c losure  area r a t i o  (Am - A t ) / A m  
was a l s o  higher .  T h i s  condi t ion could s l i g h t l y  favor  t h e  aeropropulsion per­
formance of t he  axisymmetric i n s t a l l a t i o n s  a t  subsonic speeds s ince  more pres­
s u r e  recovery is poss ib le .  However, a t  supersonic speeds ,  t he  conf igura t ions  
with the  higher c losure  r a t i o s  would have g r e a t e r  supersonic  wave drag. I n  addi ­
t i o n ,  the  nozzle i n t e r n a l  expansion area r a t i o s  of t he  two-dimensional and axi­
symmetric i n s t a l l a t i o n s  are d i f f e r e n t .  A conservat ive comparison t o  determine 
the  l e v e l  of performance of t he  two-dimensional wedge nozzle i n  r e l a t i o n  t o  the  
axisymmetric nozzle i n s t a l l a t i o n  is t o  compare peak nozzle-afterbody performance 
s ince  most of t h e  axisymmetric nozzle peak i n t e r n a l  performance can be s h i f t e d  
t o  a d i f f e r e n t  nozzle pressure r a t i o  by varying the  i n t e r n a l  expansion a rea  
r a t i o .  

As seen i n  f i g u r e  18, t he  twin two-dimensional wedge nozzle performance a t  
M = 0.90 is higher than the  c lean  af terbody with close-spaced iris-convergent
nozzles.  This  is s i g n i f i c a n t  f o r  p r a c t i c a l  conf igura t ions  s ince  the  addi t ion  of 
booms and i n t e r f a i r i n g s  causes performance p e n a l t i e s  which, as f i g u r e  18 shows, 
can be large. Booms t o  support  hor izonta l  t a i l s  may not be necessary f o r  the  
in tegra ted  design of the  twin two-dimensional nozzle as i l l u s t r a t e d  i n  t h e  
sketch and photographs showing t a i l  i n s t a l l a t i o n  of f i g u r e  6 .  Similar  r e s u l t s  
are shown f o r  comparisons w i t h  o ther  nozzle types ,  such as axisymmetric
convergent-divergent nozzles ( f i g .  I g ) ,  axisymmetric blow-in-door nozzles 
( f i g .  201, and axisymmetric plug nozzles (f ig.  2 1 ) .  Note that  the  i n t e r n a l  
expansion area r a t i o  f o r  each axisymmetric nozzle was 1.000. If t h i s  r a t i o  w a s  
increased t o  1.300 t o  approximate the  two-dimensional wedge nozzles ,  then t h e  
axisymmetric nozzle performance would be increased by about 2 percent a t  a noz­
z l e  pressure ra t io  of 6.00. 

For a f te rburner  power a t  Mach numbers up t o  1.20 ( f ig .  221, the  two-
dimensional wedge nozzle again e x h i b i t s  higher  performance a t  M 20.90 when 
compared w i t h  the  axisymmetric convergent-divergent nozzles  with similar expan­
s ion  area r a t i o s .  The best axisymmetric nozzle i n s t a l l a t i o n  performance with 
a f te rburner  power s e t t i n g  w a s  obtained with the  convergent-divergent nozzle 
(ref. 31,  p a r t l y  because of t h e  lower nozzle b o a t t a i l  angle .  T h i s  f i g u r e  a l s o  
i n d i c a t e s  t h a t  some b e n e f i c i a l  effect has occurred f o r  t he  af terbody of refer­
ence 3 with the  long booms s ince  t h i s  configurat ion had b e t t e r  performance with 
the  a f te rburn ing  convergent-divergent nozzles  than e i t h e r  t he  clean or s h o r t  
boom configurat ion.  This  b e n e f i c i a l  i n t e r f e rence  probably r e s u l t s  from a posi­
t i v e  pressure f i e l d  a c t i n g  i n  the  v i c i n i t y  of  t he  booms and i n t e r f a i r i n g s .  I n  
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addition, this afterbody had a M = 1.20 design area distribution which should 
give near-optimum performance at this Mach number. It should be noted that the 
impact of nozzle cooling requirements on the installed nozzle-afterbody perform­
ance has not been included in the afterburner power performance comparison and 
must be evaluated for absolute performance levels. 

Twin two-dimensional wedge nozzle and twin axisymmetric nozzle performances 
are compared at M = 2.20 in figure 23. Performances are shown for dry and 
both afterburner power settings from the present investigation. Only perform­
ances for each of the nozzle types with the clean close-spaced afterbody from 
reference 3 are presented since the differences in performance for the other two 
afterbodies were generally less than 1-percent ideal gross thrust at pressure 
ratios greater than 10. The afterburner power, two-dimensional wedge nozzles, 
with Ae/At = 1.100 and Ae/At = 1.393, have superior performance characteris­
tics over axisymmetric nozzle types at pressure ratios up to 19 and 22, respec­
tively. The poor performance of the iris-convergent nozzle is expected since 
this nozzle type has no internal or external expansion surfaces and thus charac­
teristically exhibits a large underexpansion loss in performance at supersonic 
speeds. At a typical engine-operating pressure ratio of 14, the twin two-
dimensional wedge nozzle at dry power has a 2.5- to 3.5-percent lower perform­
ance than the other types of axisymmetric nozzles at afterburner power. Although 
most current aircraft do not cruise at supersonic speeds at dry power, future 
aircraft may do so because of the higher thrust-weight ratios of advanced air­
craft. If supersonic, dry power cruise is desired, the two-dimensional wedge 
nozzle appears to be an attractive installation because of its high performance 
at transonic and supersonic speeds. 

Effects of Tail Surfaces 


Effects with power off.- The variations of jet-off afterbody drag coeffi­

cient with Mach number-for the model with both the dry power and afterburner 

power wedges for the basic nozzle are presented in figure 24. Also shown are 

the computed skin friction drag coefficients C D , ~for the various combinations 

of tail surfaces. .Sincethe internal nozzle surfaces (that is, wedge and side-

plates) are charged to the nozzle internal performance, skin friction drag is 

the same for either power setting for a particular c6nfiguration. 


At Mach numbers below 0.80, the increase in drag caused by adding the vari­
ous tail surfaces results primarily from the difference in skin friction drag.
At M = 0.90 and 0.95, installation of the tail surfaces also results in tail 
interference drag. At supersonic speeds, the configuration with twin vertical 
tails has slightly lower jet-off drag than with the single vertical tail. A 
subsequent discussion shows that this difference in drag is caused by the lesser 
wave drag of the twin vertical tails. 

Effects with power.- Figure 25 presents the effects of horizontal-tail 
deflection on the variation of the aeropropulsion performance parameter with noz­
zle pressure ratio for the basic dry power nozzle. There is a decrease which 
varies with Mach number in (F - Da)/Fi because of adding the horizontal tail 
at 6h = Oo. As expected, deflection of the horizontal tail results in further 
reductions in performance because of increases in tail drag due to tail lift. 
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The effects of adding either the single or twin vertical tails with the horizon­
tal tail at 6, = Oo for both the dry and afterburner power nozzles are pre­
sented in figures 26 to 28. Note that unlike the case for the dry power noz­
zle, the model was not tested with only the horizontal tail with the afterburner 
power setting at Ae/At = 1.393 for M < 1.20. At subsonic speeds, the penalty
in performance for the twin vertical-tail installation is greater than that for 
the single vertical tail for either nozzle power setting. (See, for example, 
fig. 26(b) or 27(a).) The decrease in performance results not only from a 
small increase in friction drag but also from adverse tail interference effects 
from the twin vertical tail installation. Flow visualization photographs
obtained at M = 0.90 (presented in fig. 29) show that the twin vertical tails 
were not alined with the local afterbody flow streamlines and thus wake distur­
bances from the twin vertical tails could affect flow on the afterbody cowl boat-
tail. These wake disturbances could be minimized when the installation of the 
twin vertical tails is tailored by adjusting the toe-in and cant angles. The 
aeropropulsion performance at supersonic Mach numbers is essentially the same 
for both vertical-tail installations (figs. 26(c), 27(b), and 281, a similarity
which indicates that the increase in drag due to friction for the twin verticals 
is offset by a decrease in wave drag. 

The dry power wedge, tails-off configuration was also tested at a Reynolds 
number per meter of 16.40 x IO6 at M = 2.20. These data are indicated by the 
flagged symbols in figure 28. The differences shown are due only to the differ­
ences in skin friction drag that result from the difference in the two Reynolds
numbers. When the friction drag is subtracted, there is no effect on aeropro­
pulsion performance because of this change in Reynolds number. 

Subsonic tail interference.- Since one of the advantages cited for the twin 

two-dimensional wedge nozzle is improved airframe-propulsion system integration

(elimination of gutters, nozzle bases, etc.), it becomes of interest to assess 

the interference effects, especially at high subsonic speeds, of a typical tail 

installation for a twin-engine fighter airplane. To determine either of the two 

interference parameters defined in the section entitled "Data Reduction Proce­

dure," skin friction drag coefficients already presented in figure 24 are used. 


The variation of tail interference incremental drag coefficient AC~,int

with pressure ratio for Mach numbers from 0.40 to 0.95 is presented in figure 30. 

Note that the parameter AC~,int implies no effect of the external flow on noz­

zle internal performance; the differences noted are charged to external flow 

interference effects. The solid symbols represent jet-off values. The effect 

of power is generally beneficial for the dry power wedge since the jet-on values 

of A C D , ~ ~ ~ 
are usually somewhat lower than the jet-off values. For both noz­

zle power settings, the dif.ferencesbetween jet-off and jet-on values are gener­

ally small. These differences probably indicate that the magnitude of tail inter­

ference is due mainly to external aerodynamic interference that results from the 

tail installation. Again, this finding is consistent with the concept of 

improved integration afforded by the twin two-dimensional wedge nozzle inasmuch 

as there are no projected surfaces affected by potential pressure gradients

induced by the jet exhaust. 
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The v a r i a t i o n  of the t a i l  i n t e r f e rence  parameter A i "  -Fqint) w i t h  nozzle  
\ J - I  

pressure r a t i o  is presented only f o r  M = 0.90 and M = 0.95 i n  f i g u r e  31 
s ince ,  f o r  lower Mach numbers, these  values  are genera l ly  less than 1 percent  of 
ideal gross  t h r u s t .  Note tha t  even a t  M = 0.90, t he  decrement i n  performance 
f o r  the  s i n g l e  v e r t i c a l - t a i l  i n s t a l l a t i o n  is less than 1 percent  of ideal gross 
t h r u s t  f o r  both nozzle  power s e t t i n g s .  The d i f f e rence  i n  l e v e l s  of the t a i l  
in t e r f e rence  parameter between the  dry and a f t e rbu rne r  power s e t t i n g  is due p r i ­
mar i ly  t o  the  d i f f e rence  i n  ideal gross t h r u s t  which is the  denominator of t h i s  
parameter. Figure 30 indica ted  approximately t h e  same l e v e l s  of incremental  
i n t e r f e rence  drag f o r  both nozzle power settings. 

Supersonic t a i l  in te r fe rence . - The t a i l  i n t e r f e rence  parameter A r  -Fyint) 

and the  t a i l  i n t e r f e rence  incremental  drag A C D ,  i n t  were determined a t  super- . 
sonic  speeds using wave drag computed w i t h  the no-wedge mathematical model as  
out l ined i n  the  appendix. These r e s u l t s  are presented i n  f i g u r e  32. The data 
ind ica t e  t h a t  a t  M = 1.20, t he  nozzle w i t h  t he  d ry  power wedge had about twice 
as much t a i l  i n t e r f e rence  drag  as it had w i t h  t h e  a f t e rbu rne r  wedge. A t  
M = 2.20, t he  nozzle  w i t h  the a f t e rbu rne r  wedge had more than doubled the  amount 
of i n t e r f e rence  drag  noted f o r  the  dry power wedge. Since the experimental 
setup had only one fo rce  balance and no ex te rna l  pressure  instrumentat ion,  it 
cannot be ascer ta ined  whether these  d i f f e rences  f o r  t h e  two power s e t t i n g s  are 
caused by changes i n  nozzle  i n t e r n a l  performance or the ex te rna l  flow 
c h a r a c t e r i s t i c s .  

Figure 33 summarizes t a i l  in t e r f e rence  drag a t  both je t -of f  and a t  sched­
uled pressure r a t i o  condi t ions.  T h i s  f i g u r e  i n d i c a t e s  t h a t  i n t e r f e rence  drag 
due t o  var ious t a i l  i n s t a l l a t i o n s  r e s u l t s  from ex te rna l  aerodynamic flow i n t e r ­
ac t ion  effects a t  jet-off condi t ions.  Power e f f e c t s  are small and usua l ly  bene­
f ic ia l .  Figure 33 a l s o  shows the  r e s u l t s  from reference  2 f o r  a single-engine 
configurat ion w i t h  axisymmetric nozzles i n  both dry and a f t e rbu rne r  power set­
tings. These data were taken from the  conf igura t ion  w i t h  staggered ta i ls .  The 
s i m i l a r i t y  of t h a t  configurat ion t o  the  present  one comes from the  loca t ion  of 
the  v e r t i c a l  t a i l  w i t h  respec t  t o  the  ho r i zon ta l  t a i l s .  The results show s i m i ­
lar  t a i l  i n t e r f e rence  c h a r a c t e r i s t i c s  a t  the  scheduled pressure  r a t i o .  

A comparison of the  e f f e c t s  .of t a i l  i n s t a l l a t i o n  on t a i l  in t e r f e rence  
is shown i n  f i g u r e  34. These data show t h a t  t a i l  i n t e r f e rence  drag genera l ly  
increases  w i t h  increas ing  number of t a i l  su r faces ,  p a r t i c u l a r l y  i n  t he  subsonic 
c r u i s e  Mach number range. 

T h r u s t  Vectoring C h a r a c t e r i s t i c s  

Recent two-dimensional nozzle s t u d i e s  have shown t h a t  t h r u s t  vector ing can 
s i g n i f i c a n t l y  increase  the  maneuverabili ty of a f ighter  a i rp l ane .  If the  l i f t i n g  
su r faces  a r e  properly in t eg ra t ed  w i t h  the  vec tor ing  nozzle,  jet-induced l i f t  
fo rces  equal t o  or g r e a t e r  than the t h r u s t  l i f t  vec tor  can be achieved toge ther  
w i t h  s u b s t a n t i a l  reduct ions i n  ex te rna l  drag (refs. 4 and 10).  It should a l s o  
be noted t h a t  t h r u s t  vector ing can be e f f e c t i v e  a t  low speeds where the lower 
dynamic pressure  tends t o  make aerodynamic con t ro l  su r f aces  less e f f e c t i v e .  For 
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a twin-engine aircraft, asymmetrical thrust vectoring for roll control could be 
used in those situations where flow separation may render roll control devices 
ineffective. 

In order to study the capability of the two-dimensional wedge nozzle in 

vectoring thrust by cambering the wedge, thrust vectoring configurations were 

tested with wedge-vectoring deflection angles of 12O and 24O with the nozzle in 

the dry power configuration only, as shown in figures 5(a) and 5(b). 


The static performance characteristics for the nozzle with wedge angles of 

12O and 24O are presented in figure 35. The static turning angle 6j is seen 

to increase with increasing pressure ratio for both wedge angles until maximum 

static turning occurs at a nozzle pressure ratio of 4.0. The decrease in static 

turning at pressure ratios greater than 4.0 is probably caused by the separation

of the jet flow over the upper aft portion of the wedge, and the separation prob­

ably occurs at the second hinge point. Only the jet normal force C N , ~and 

pitching moment Cm,j are affected by this flow separation. 


Nozzle thrust ratio characteristics for the wedge angles of 12O and 24O are 

also shown in figure 35. The dashed lines represent computed values of thrust 

ratio with no turning loss for each of the respective wedge deflections. Static 

turning losses up to 0.8 percent for the 12O wedge and 2.5 percent for the 24O 

wedge occur. Note that although static turning was maximum at a nozzle pressure

ratio of about 4, the minimum turning losses for the nozzle with both wedges 

occurred at a ratio of about 4.6 which was the nozzle design pressure ratio. 

The static turning losses affect vectoring performance at forward speeds, a char­

acteristic that is discussed later in this report. However, it should be noted 

that no attempt was made to optimize plug vectoring geometry for minimum losses. 


The effects of thrust vectoring on the longitudinal aerodynamic characteris­
tics are presented in figures 36 to 40 for both wedge angles and for the various 
horizontal- and vertical-tail installations. These figures present the basic data 
for that effect measured on the entire metric portion of the model. The data 
include thrust-minus-drag coefficient C(F-D), total lift coefficient CL, and 
total pitching moment Cm. 

In general, figures 36 to 40 show an increase in lift coefficient with 
increasing pressure ratio for a particular configuration. This increase in CL 
is the result of the contribution of both jet lift and jet-induced supercircula­
tion lift. The increase in lift is accompanied by a decrease in pitching 
moment. Thrust-minus-drag coefficient varies almost linearly with pressure
ratio. At a constant pressure ratio, the differences in C(F-D> noted for dif­
ferent configurations are usually caused by the differences in drag. 

Lift augmentation characteristics for the nozzle with the 12O and 240 

wedges are summarized in figure 41. The variation of incremental lift ACL with 

nozzle pressure is shown where ACL is simply the difference between lift at 

some power-on and jet-off condition. Also shown is the computed jet lift which 

is determined by using the static data of figure 35. This calculation assumes no 

effect of the external flow on the nozzle internal performance or nozzle turning 

characteristics. The difference between ACL and the jet lift is then the jet-

induced supercirculation lift. In general, maximum incremental lift occurred 




between pressure ratios of 4.0 to 4.5, which is approximately where maximum 

static turning occurred. 


The jet-induced supercirculation lift is generally equal to or greater than 
the jet lift for the body alone configuration for both wedge angles of 12O and 
240 at M = 0.80 and 0.90. (See fig. 41.) This lift augmentation performance 
(jet-induced supercirculation lift) is superior to the wings-off performance of 
the two-dimensional convergent nozzle configuration of reference 10. However, 
good lift augmentation performance for a wedge nozzle would be expected since 
this nozzle closely resembles a blown flap (blowing over and under a wing 
trailing-edge flap), and the wedge aerodynamic lift is added onto the jet lift. 

Additional increases in jet-induced supercirculation lift result from the 
addition of the horizontal tail and.alsofrom the increase in horizontal-tail 
deflection from -4O t o  80. The increase in induced lift due to horizontal-tail 
deflection is caused by an increase in effective tail angle of attack as the 
horizontal tail operates in the jet-induced upwash flow field, even though the 
relative angle between the vectored jet exhaust and the horizontal tail 
decreases with increasing 6,. Some additional benefit may also result because, 
for higher values of 6hl the trailing edge of the horizontal tail is more favor­
ably located with respect to the vectored jet exhaust, specifically the lower 
half of the jet exhaust. The effect of adding vertical tails is small for 
6, = 12O and negligible for gW = 240 (fig. 41). 

The effect of thrust vectoring on incremental aeropropulsion performance 
(thrust minus drag) is summarized in figure 42 for the nozzle with the 120 and 
24O wedges. An incremental thrust-minus-drag ratio, defined in the section 
entitled "Data Reduction Procedure,Il is used where a negative value indicates a 
loss in performance. For the two-dimensional wedge nozzle, the losses indicated 
are due partly to an increase in the drag of the wedge which resembles a speed
brake and thrust spoiler when in a vectored mode. 

Losses in performance for-thenozzle alone range from about 1.5 to 14 per­
cent for 6, = 12O and from 8 to 43 percent for 6, = 240 depending upon Mach 
number and nozzle pressure ratio. The minimum loss of 1.5 percent occurred for 
6, = 12O at M = 0.60 and at a nozzle pressure ratio of 4.5 which was also 
approximately the pressure ratio at which static turni,nglosses were minimum 
(fig. 35(a)). The effect of the various tail installations is small except for 
the 12O wedge with 6h = -4O and 8O, vertical tails off. 

Thrust Reversing Characteristics 


The maneuvering benefits to be derived from in-flight thrust reversing or 
thrust modulation are discussed in reference 5. A thrust reversing system can' 
easily be incorporated into the two-dimensional wedge nozzle by installation of 
reverser panels as previously described in figures 5(c) and 5(d). During the 
present investigation, two reverser-panel positions were studied with the nozzle 
in the dry power setting only. One position (4  = 62.8O) represented a 50-percent 
deployment of the reverser, and the other position (4 = 134.8O) represented a 
100-percent deployment. 
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Static-thrust characteristics for the two reverser positions tested are 
presented in figure 43. These results.ar-etypical for current thrust reverser 
configurations (refs. 21 to 23). The effects of thrust reversing on the aero­
dynamic characteristics of the configuration tested are presented in figures 44 
to 49. Figure 44 presents basic reverser longitudinal aerodynamic performances
for ($ = 62.80 and 134.80, tails off and for 9 = 134.80 with 6, = k4O with 
the twin vertical tails. The effects of rudder deflection for both single and 
twin vertical tails on the aerodynamic characteristics are presented in fig­
ures 45 and 46 for ($ = 62.84 and in figures 47 and 48 for Cp = 134.80. The 
horizontal-tail deflection was Oo for these cases. 

Reverser effectiveness.- The effect of nozzle pressure ratio on thrust 
reverser effectiveness for the Mach numbers tested is presented in figure 50 for 
the model with the single vertical tail, and 6, = go. These results are typi­
cal. This figure shows the ratio of thrust-minus-drag coefficient for the 
reverser deployed to thrust minus drag for the reverser stowed (forward thrust 
mode). As can be seen, there is a decrease in reverser effectiveness as nozzle 
pressure ratio increases and an increase in effectiveness as Mach number 
increases. The increase in reverser effectiveness with Mach number is a result 
of the base drag acting on the reverser panels when they are deployed. (See
fig. 5(c).) Base drag on the reverser panels, determined from static pressure 
measurements, was nearly constant with nozzle pressure ratio (ref. 8). In addi­
tion, some additional pressure drag, which was not determined, probably acts on 
that portion of the wedge behind the reverser panels. (See fig. 5(c).) Thrust 
modulation performance as a function of percent reverser deployment is presented
in figure 51. Also shown are the results from reference 21 for an axisymmetric
nozzle in-flight thrust reverser installed on a single-engine fighter airplane
with a single vertical tail. The two-dimensional wedge nozzle configuration is 
a more effective thrust reverser, especially when deployed 50 percent. The 
increase in effectiveness probably results from the base drag generated by the 
reverser panels of the wedge nozzle concept. Reference 24 indicates that for 
M C 1.00, deploying a thrust reverser can provide greater longitudinal decelera­
tion control than that provided by a typical speedbrake and, unlike the speed-
brake, the thrust reverser also remains effective at very low speeds. 

Longitudinal characteristics.- The effect of thrust reversing on the 
longitudinal characteristics can be seen by examining the basic lift and pitching-
moment data of figures 44 to 48. However, it is difficult to relate pitching-
moment coefficients to typical airplane quantities because of the chosen refer­
ence dimensions and moment reference center. Wing reference areas of typical 
twin-engine fighter aircraft are approximately 10 times maximum cross-sectional 
area. Thus, by dividing the lift coefficients presented in figures 44 to 48 by 
10, one can obtain typical airplane.liftcoefficients which are used in the fol­
lowing discussion. In general, at a = Oo, thrust reversal at ($ 62.8O and 
($ = 1.34.80 had only a small effect-onlift coefficient. Thrust reversing with 
the single vertical-tail installation usually resulted in a small increase in 
CL (less than 0.05 airplane CL), an increase also reflected as a slight nose-

down pitching moment. There is little or no effect on CL for the model with 

the twin vertical tails. (See, for example, fig. 45(c) for M 0.60, a = Oo, 
6, = 00, single vertical tail; or fig. 48(e) for M = 0.80, a = 00, 6, = 00, 
twin vertical tails.) 
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Examination of the lift characteristics at ci = 80 (figs. 44 to 48) indi­
cates a substantial decrease in lift coefficient during reverse thrust opera­
tion. These results are summarized in figure 52 where the ratio of CL at 
reverse thrust conditions to CL at forward thrust is shown as a function of 
Mach number at the scheduled pressure ratio. Figure 52 indicates a 33- to 
46-percent loss in lift for 0 = 62.8O and as much as a 100-percent loss in tail 
lift for 4 = 134.8O. The loss in lift at ci = 80,during reverser operation, 
is probably caused by lateral spreading of the exhaust flow over the inboard 
rear portion of the horizontal tail, a condition which results in premature flow 
separation. A loss in stability and control effectiveness will probably occur; 
however, insufficient information is available to ascertain the magnitude of 
such losses. Proper integration of the reverse thrust system with the airframe-
control surfaces must be accomplished to avoid this problem. 

Rudder effectiveness.- The effect of thrust reversing on rudder effective-
-__-­
ness for both vertical-tail installations is presented in figure 53. At 100­
percent reverser deployment, there is a complete loss of rudder effectiveness 

for the single vertical. Such loss occurs when the reverse exhaust flow washes 

both sides of the single vertical tail. This problem is not as severe with the 

twin vertical-tail installation since only one side of each of the twin vertical 

tails is severely affected by the exhaust flow. Reference 22 indicates losses 

in rudder effectiveness similar to those with the present twin vertical-tail 

installation even though the airplane configuration of reference 22 had a single 

vertical tail. However, the reverse jet exhaust described in reference 22 was 

directed forward on either side of the vertical tail at 62.5O from the vertical 

tail plane, and thus the vertical tail was not directly washed by the jet 

exhaust. Figure 53 also indicates that loss of lateral control effectiveness 

can be alleviated by use of an all-movable vertical tail. 


CONCLUSIONS 


An investigation was conducted in the Langley 16-foot transonic tunnel and 

the Langley 4-foot supersonic pressure tunnel to determine the performance char­

acteristics of twin two-dimensional variable-geometry wedge nozzles. The 

effects of thrust vectoring, reversing, and various tail installations were 

studied. The investigation was conducted statically and at flight speeds up to 

a Mach number of 2.20. The jet total-pressure ratio of the simulated exhaust 

was varied up to approximately 26 depending on Mach number. An analytical study 

was made to determine the effect on calculated wave drag by varying the mathemat­

ical model used to simulate the nozzle jet-exhaust plume. The results of this 

investigation indicate the following conclusions: 


1. No twin-engine installation penalty was indicated since the twin-nozzle 
aeropropulsion performance (thrust minus drag) nearly equaled the performance 
of a single-nozzle installation for a dry power setting at the same internal 
expansion area ratio. 

2. The thrust-minus-afterbody drag performance of the twin two-dimensional 

wedge nozzle installation is significantly higher than the performance achieved 

with twin axisymmetric nozzle installations for speeds greater than Mach 0.80. 
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3.  Interference drag due to various tail installations resulted from exter­
nal aerodynamic flow interaction effects. Power effects were small and usually
beneficial. 

4. Significant jet-induced lift can be obtained on aft-mounted lifting
surfaces using a cambered two-dimensional wedge centerbody to vector jet-
exhaust thrust downward. However, thrust-minus-drag performance is degraded 
up to 14 and 43 percent of ideal gross thrust for wedge angles of 12O and 24O, 
respectively. 

5. The two-dimensional wedge nozzle with reverser panels exhibited effec­
tive qtatic and in-flight thrust reversing characteristics. However, care must 
be exercised when integrating tail surfaces because of the potential for losses 
in stability and control effectiveness. 

6. The values of analytically determined supersonic wave drag are depen­

dent upon the mathematical model chosen to describe the geometry of the two-

dimensional wedge nozzle. The results indicate that different mathematical 

models are needed to simulate jet-off and power-on conditions. 


Langley Research Center 

National Aeronautics and Space Administration 

Hampton, VA 23665 

May 4, 1977 
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APPEND1X 


SUPERSONIC TAIL INTERFERENCE 


A t  supersonic  speeds,  the wave drag of the conf igura t ion  must be determined 
t o  a s c e r t a i n  the  t a i l  in t e r f e rence  parameters. (See s e c t i o n  e n t i t l e d  "Data 
Reduction Procedure . I t )  However, the  determination of the wave drag by ana ly t i ­
cal methods r equ i r e s  an accura te  desc r ip t ion  of the conf igura t ion  (ref. 19)
s ince  wave drag is computed on the equivalent  area d i s t r i b u t i o n  of  the configu­
r a t i o n .  If l o c a l  aft-end s lopes  are not excess ive ,  t h e  computation of wave drag 
f o r  conf igura t ions  with axisymmetric nozzles  is amenable t o  cu r ren t  a n a l y t i c  
techniques (ref.  19) because the area d i s t r i b u t i o n  d i s c o n t i n u i t i e s  caused by the 
i n l e t  and e x i t  of  t he  propulsion i n s t a l l a t i o n  are el iminated by the assumption 
that  cy l inders  are extended upstream or downstream t o  i n f i n i t y  from the discon­
t i n u i t i e s .  Thus, the j e t  exhausting from the axisymmetric nozzle is simulated 
(neglec t ing  entrainment) a t  the  design pressure  r a t i o  w i t h  a plume tha t  is nei­
ther overexpanded nor underexpanded. However, t he  two-dimensional wedge nozzle 
(or some o ther  nozzle with ex te rna l  expansion ramps) is not  as conducive t o  
modeling the  j e t  flow as the axisymmetric nozzle.  I n  fact ,  t he  compu'ted wave 
drag is s t rongly  dependent upon the  mathematical model chosen t o  represent  t h e  
phys ica l  j e t  exhausting from the  nozzle.  

One l i m i t a t i o n  of t he  t h e o r e t i c a l  me$hod of  re ference  19 is t h a t  i t  can 
only represent  t he  engine exhaust by a c y l i n d r i c a l  stream tube extended t o  
i n f i n i t y .  For t he  nonplug axisymmetric nozzle ,  the jet-off case is computed as 
though the engine were a t  t he  design pressure  r a t i o .  However, s ince  the  pres­
s u r e  of the  exhaust gases  a t  the  nozzle e x i t  is genera l ly  d i f f e r e n t  from ambient 
pressure ,  t he  jet  tends either t o  plume or t o  con t r ac t  on leaving the  nozzle. 
Furthermore, the  shape of t he  plume downstream of t h e  nozzle e x i t  is affected by 
viscous mixing between the je t  exhaust and the ex te rna l  stream. I n  p r i n c i p l e ,  
these devia t ions  of t he  j e t  exhaust from a c y l i n d r i c a l  stream tube can r e s u l t  i n  
aerodynamic in t e r f e rence  on adjacent  a i r f rame su r faces .  While t he  shape of t he  
pluming j e t  exhaust can be described a n a l y t i c a l l y  and can be included i n  t h e  con­
f igu ra t ion  desc r ip t ion ,  two a d d i t i o n a l  mutual i n t e r f e rence  terms, one of  which 
would be erroneous,  would be ca lcu la ted  by t h e  method of re ference  19. The 
first is the  in t e r f e rence  effect of  the  j e t  plume on the a i rcraf t ,  and the  sec­
ond is the  in t e r f e rence  of t h e  aircraft on t h e  plume. The first term is of 
course real, but  the second in t e r f e rence  term is not  f e l t  by the  aircraft. The 
second in t e r f e rence  term cannot be i s o l a t e d  i n  t h e  ca l cu la t ion  and thus  cannot 
be cor rec ted  f o r .  

A brief a n a l y t i c a l  s tudy,  t he re fo re ,  has been undertaken by using the  
method of reference 19 t o  c a l c u l a t e  wave drag for t he  present  configurat ion.  
For t h i s  s tudy,  a t o t a l  of f i v e  d i f f e r e n t  mathematical models were used t o  
descr ibe  the  nozzle  and jet-exhaust flow. Computer-generated drawings (ref. 25) 
of these conf igura t ions  are presented i n  f igu re  54. A l t e ra t ions  t o  the mathe­
matical models were only made downstream of  t he  nozzle  e x i t  or from FS 127.00 cm.  
The model with t h e  a c t u a l  dry power wedge downstream from t h e  nozzle e x i t  
(FS 127.00 c m )  is shown i n  f i g u r e  54 (a ) .  The j e t  exhaust is shown by the open 
area i n  the end view and thus  would be represented as fou r  rec tangular  boxes 
extending downstream t o  i n f i n i t y .  Figure 54(b)  shows the mathematical model 
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APPENDIX 


with the afterburner power wedge and the larger jet-exhaust area. It should be 

noted that wave drag is computed on the wedge centerbodies since the wedges are 

included in the equivalent area distrihtion of the configuration. These two 

mathematical models are probably not representative of the actual flow at either 

jet-off or jet-on conditions. 


Two mathematical mode1.swere then employed to simulate the jet exhaust. 

The first, identified as simulated jet plume and shown in figure 54(c), assumes 

a jet boundary equal to the height of the nozzle sideplates with the resulting 

jet area starting at FS 144.78 cm (located at the end of the wind-tunnel model).

It should be noted that wave drag is computed on this assumed shape because the 

assumed shape is included in the equivalent area distribution. The other model 

is defined as no-wedge and is presented in figure 54(d). In this model, the 

entire wedge is submerged into the jet flow beginning at the nozzle exit 

(FS 127.00 cm) and no wave drag is computed for either the wedge or jet plume. 

This procedure results in a mathematical model with the largest jet area and 

should provide an approximation of afterbody drag when wedge performance is not 

charged to external performance, and the nozzle is operating at near-design pres­

sure ratio. 


Finally, an attempt was made to simulate the jet-off wake of the actual 

wind-tunnel model. This simulation is illustrated in figure 54(e) as a wake 

impinging at FS 137.16 cm where the wake boundary is simulated by a solid body

represented by a plane which begins at the nozzle exit at FS 127.00 cm and 

impinges on the dry power wedge. Cases were computed where the wake impinges 

the wedge at FS 132.08 cm to FS 142.24 cm in 2.54-cm increments. Only the case 

for wake impinging at FS 137.66 cm is shown in figure 54(e). Note that.no jet 

area is associated with these cases and, as for the simulated jet plume model, 

wave drag is computed on the simulated wake surface. The resulting cross-
sectional area distributions for M = 1.20 for some of the mathematical models 
used in this analysis are given in figure 55. 

A comparison of the wave drag coefficients computed for the mathematical 
models without tail surfaces is presented in figure 56. Wave drag was computed 
only at M = 1.20 and M = 2.20. The model with no wedge has the least wave 
drag, but this would be expected since this configuration has the largest jet 
area (fig. 55) and hence the lowest amount of projected boattail area. The com­
puted wave drag for the dry power wedge and simulated jet plume are nearly equal
because they fortuitously have similar cross-sectional area distributions 
(fig. 55). The cross-hatched area data represent the range of computed wave 
drag for simulated jet-off wake represented by the series of solid bodies inter­
secting the dry power wedge (fig. 56). 


The skin friction drag coefficients for the model without tail surfaces 

(fig. 24) are added to the computed wave drag coefficients, and these results, 

also shown in figure 56, are compared with the measured jet-off drag coeffi­

cients C D , ~for the nozzle with both the dry and afterburner power wedges.
It should be noted that C D , ~includes drag on the wedge surfaces. Also shown 
is the jet-on drag coefficient (at scheduled pressure ratio) for the dry power
nozzle at M = 1.20. The determination of power-on drag coefficient is depen­
dent upon known static-thrust characteristics. (See section entitled "Data Reduc­
tion Procedure.11) These thrust characteristics were not determined to suffi­
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ciently high nozzle pressure ratios for the afterburner nozzle because of air 

supply limitations. 


The best agreement with the measured jet-off data is obtained with the dry 
power wedge o r  simulated jet plume mathematical models of the configuration. 
This agreement implies that the simulated jet plume model (used hereinafter for 
jet-off analysis).may represent the actual jet-off wake more closely than those 
models chosen for jet-off wake simulation since all the cases computed for wake 
impingement on the wedge had a much higher computed value for wave plus skin 
friction drag than the measured jet-off drag coefficients. Because the computed 
values are higher, the mathematical models for simulated jet-off wake are not 
considered in the remaining analysis. 

Wave drag coefficients were computed for the remaining mathematical models 
with various combinations of tail surfaces, and these results are presented in 
figure 57. The appropriate skin friction drag coefficients from figure 24 are 
added to the computed wave drag values, and the incremental interference drag 
coefficient A C D , ~ ~ ~is computed by the method outlined in the data reduction 

section. Since A C D , ~ ~ ~ 
is dependent on the amount of wave drag removed from 
the measured total drag coefficient (see section entitled "Data Reduction Pro­
cedure") the sensitivity of ACi,int to the mathematical model used in the 
calculation is shown in figure 5 . Typical results are shown for the configura­
tion with twin vertical tails 6, = go at jet-off conditions and at the sched­
uled nozzle pressure ratio of figure 16. 

As can be seen in figure 58, the largest differences between computed Val­
ues of the incremental interference drag coefficient (using the various mathe­
matical models) occur at M = 1.20. Differences between A C D , ~ ~ ~for the vari­
ous mathematical models (M = 1.20) range up to a factor of 5; the largest occurs 
between the jet plume model and the no-wedge mathematical model for the jet-on, 
dry power wedge case. These same values of ACD int vary from 0.5 percent of 
ideal gross thrust (jet plume) to about 3 percent of ideal gross thrust (no 
wedge). Although the same large differences caused by different mathematical 
models occur at M = 2.20, the maximum value of A C D , ~ ~ ~(for no-wedge, jet-on, 
dry power case) represents only 0.8 percent of ideal gross thrust at M = 2.20; 
for the afterburner wedge, the values of AC~,int,both jet off and at the sched­
uled pressure ratio, were not sensitive to the mathematical model chosen (all 
values shown are about 1.5 percent ideal gross thrust). 

Thus, some rationale together with intuitive engineering judgment must be 
applied when attempting to calculate wave drag for configurations which have two-
dimensional wedge nozzles. For the jet-off condition, the simulated jet plume 
mathematical model was chosen since it yielded results comparable with measured 
jet-off drag and could possibly represent the actual flow conditions. The 
larger discrepancy between calculated and measured drag at M = 1.20 (see 
fig. 56) is probably caused when the equivalent body of the configuration 
departs from slender body definitions. This departure would affect the calcu­
lated wave drag more at M = 1.20 than at M = 2.20 (ref. 19). 

For jet-on conditions, a comparison of the scheduled pressure ratio with 
the nozzle design pressure ratio (fig. 16) indicates to some extent the differ­
ences in jet plume shape. The design nozzle pressure ratios for the nozzle with 
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t he  dry  power ( A e / A t  = 1.287) and a f t e rbu rne r  power ( A e / A t  = 1.393) wedges are 
4.6 and 5.4, r e spec t ive ly .  Since a t  M = 1.20, t h e  scheduled pressure  r a t i o  is 
5.9, t he  nozzle with both power s e t t i n g s  is s l i g h t l y  underexpanded, and both 
plumes diverge s l i g h t l y  a t  t h i s  Mach number. However, t h e  d i f f e rence  between 
t h e  scheduled and t h e  two design pressure  r a t i o s  is such tha t  t he  plume shapes 
are very near ly  t h e  same. A t  M = 2.20, t h e  nozzle is underexpanded for both 
power s e t t i n g s .  However, a t  t h i s  Mach number, t he  va lues  of  A C ~ , i n t  are 
near ly  t h e  same rega rd le s s  of t h e  mathematical model chosen; such s i m i l a r i t y
ind ica t e s  t h a t  jet plume shape has  l i t t l e  effect a t  t h i s  Mach number. Since 
t h e  t a i l  i n t e r f e rence  r e s u l t s  a t  subsonic speeds i n d i c a t e  l i t t l e  or no effect  
of power, p r imar i ly  because of  t he  c l eane r  nozzle  i n s t a l l a t i o n  ( f i g .  301, it is  
f u r t h e r  assumed t h a t  similar r e s u l t s  would be a t t a i n e d  a t  supersonic  speeds 
which are indica ted  a t  M = 2.20. Therefore,  t h i s  assumption permits wave drag 
a t  jet-on condi t ions  t o  be computed by us ing  t h e  no-wedge model; these  r e s u l t s  
are then used for f u r t h e r  ana lys i s .  
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Figure 1.- Photograph showing installation of model in the Langley I6-foot 
transonic tunnel. 



Figure 2.- Sketch of model arrangement and twin-jet propulsion simulation 
system. A l l  dimensions are i n  centimeters unless otherwise noted. 
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Figure 3 . - Details of bellows arrangement used t o  t r a n s f e r  a i r  from nonmetric 
t o  metric por t ions  of model. 
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(a> Basic nozzle.  Sect ions are shown for d r y  power wedge only.  

Figure 4.- Nozzle d e t a i l s .  All dimensions are i n  cent imeters  un less  
otherwise noted. 
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( b )  	Alternate nozzle concept. 

Figure 4 .- Continued. 
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(0)Photograph of alternate nozzle, dry power wedge. 

Figure 4 .- Concluded. 
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(a )  Vectoring modes. 

Figure 5.- Details of dry power nozzles showing vectoring o r  reversing modes. 
A l l  dimensions are i n  centimeters un less  otherwise noted. 
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(b) Vectoring modes. 


Figure 5.- Continued. 

37 




W 
05 


FS 127.00 
I 50-percent deployment
I h 

,/ 100-perceni deployment 

/ '
/ /  

3 . 0 3  / 

L2 7 - 7 -
9.20 

B o1 
62.8 72.0 

134.8 144.0 

(c) Schematic of reversing modes. 


Figure 5.- Continued. 
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(d) Photographs of reversing modes. 

Figure 5.- Concluded. 
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Single vertical tail-

FS 3 7 


(a> Installation. 

Figure 6.- Installation and reference planforms of tail surfaces. All 

dimensions are in centimeters unless otherwise noted. 
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6, = 120 

18-77 -204 

(b)  Photographs showing var ious t a i l  i n s t a l l a t i o n s .  

Figure 6.- Concluded. 
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(a> Horizontal tail, reference planform. 
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Figure 7.- Geometrical characteristics of tail surfaces. All dimensions are in 

centimeters unless otherwise noted. 
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(b) Single v e r t i c a l  t a i l ,  reference planform. 

Figure 7.- Continued. 
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(c l  Twin v e r t i c a l  t a i l ,  reference planform. 

Figure 7.- Concluded. 
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(a>  Basic nozzle, Langley 16-foot transonic tunnel. 

Figure 8.- S t a t i c  performance cha rac t e r i s t i c s  of bas ic  and a l t e r n a t e  two-
dimensional wedge nozzle configurations. Symbols represent severa l  
s ta t ic  runs. 
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(b) Alterna te  nozzle. 

Figure 8.- Concluded. 
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Figure 9.- Comparison of twin- and single-engine two-dimensional wedge nozzle 
static takeoff performance. Nozzle exit-area expansion ratio indicated 
on each data bar. Pt,j/poD= 2.6. 
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power nozle.  

Figure 10.- Variat ion of aeropropulsion performance w i t h  nozzle pressure r a t i o  
f o r  basic nozzle.  Tails o f f .  
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Figure 10.- Continued. 
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Figure 10.- ConcLuded. 
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(a) M = 0.40 to 0.90. 

Figure 11.- Comparison of aeropropulsion performance of alternate nozzle 

configuration with basic dry power nozzle. Tails off. 
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(b) M = 0.95 and 1.20. 

Figure 11.- Concluded. 
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(a) M = 0.60, 0.80, 0.90, and 0.95 .  

Figure 12.- Comparison of aeropropulsion performance of alternate nozzle 

configuration with basic afterburner power nozzle. Tails off. 
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Figure 12.- Concluded. 
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(a> M = 0.40, 0.60, and 0.80 a t  a = 00. 

Figure 13.- Comparison of aeropropulsion performance of bas i c  
and a l t e r n a t e  nozzles  a t  dry power s e t t i n g s .  
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Figure 13.- Concluded. 
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Figure 14.- Comparison of aeropropulsion performance of basic 

and alternate nozzles at afterburning power.setting. 
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(a) M = 0.40 t o  1.30. 

Figure 15.- Variation of aerodynamic ideal t h r u s t  coef f ic ien t  with je t  
total-pressure r a t i o .  
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(b) M = 2.20. 

Figure 15.- Concluded. 
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Figure 16.- Typical schedule of advanced-engine t o t a l  pressure r a t i o  wi th  Mach 
number and corresponding i n t e r n a l  expansion area r a t i o .  
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Figure 17.- Summary of s i n g l e  and twin two-dimensional wedge nozzle performance 
at  f l i g h t  Mach numbers f o r  scheduled pressure  r a t i o .  
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(a) M = 0.80 and 0.90. 

Figure 18.- Comparison of twin two-dimensional wedge nozzle and twin axisymmet­
ric iris-convergent nozzle performance; dry power, close spaced. Parenthet­
ical number refers to configuration of reference 3. 
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Figure  18.- Concluded. 
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Figure 19.- Comparison of  twin two-dimensional wedge nozzle and twin axisymmet­
r i c  convergent-divergent nozzle performance; dry  power, c l o s e  spaced. Paren­
t h e t i c a l  number refers t o  conf igura t ion  of  re ference  3. 
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Figure 19.- Concluded. 
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Figure 20.- Comparison of twin two-dimensional wedge nozzle and twin axisym­

metric blow-in-door nozzle performance; dry power, close spaced. Paren­

thetical number refers to configuration of reference 3. 
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Figure  20.- Concluded. 
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Figure 21.- Comparlson of twin two-dimensional wedge nozzle and twin axisym­
metric p l u g  nozzle performance; dry power, c lose  spaced. Pa ren the t i ca l  
number r e f e r s  t o  configurat ion of re ference  3 .  
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Figure 22.- Comparison of twin two-dimensional wedge nozzle and twin axisymmet­

ric convergent-divergent nozzle performance; afterburner power, close spaced.

Parenthetical number refers to configuration of reference 3. 
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Figure 23.- Comparison of twin two-dimensional wedge-nozzle and twin axisymet­
ric nozzle performance at M = 2.20. 
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repeat poin ts .  
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Figure 25.- Effect of ho r i zon ta l - t a i l  de f l ec t ion  
a range of pressure  r a t i o s  and Mach numbers. 
dry power nozzle. 
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Figure 25 .- Continued. 
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Figure 25.- Concluded. 

76 


6 



.Vertical tails 
0 Off 
0 Single 

M.O.40 0 Twin. M m'O.60 
.96 

.92 

F - Da 

F. .88 

.84 

.80 
1 2 3 4 5 6 1 2 3 4 5 6 .  

Pt, j/P- Pt, j/P-

M =  0.40 and 0.60. 

Figure 26.- Effect  of v e r t i c a l  t a i l s  on th rus t  minus drag f o r  severa l  pressure 
r a t i o s  and Mach numbers. Basic 'dry power nozzle. 8, = Oo. 
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Figure 26.- Continued. 
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Figure  26.- Concluded. 
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Figure 27.- Effect of v e r t i c a l  t a i l s  on t h r u s t  minus drag f o r  s eve ra l  
p ressure  r a t i o s  and Mach numbers. Basic a f t e rbu rne r  nozzle.  
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Figure 27. - Concluded. 
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Figure 28.- Thrust-minus-drag performance for various configurations. 
M = 2.20. Flagged symbols indicate NRe = 16.40 x lo6.  
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Figure 29.- Oil-flow v i s u a l i z a t i o n  of t w i n  t a i l  i n s t a l l a t i o n  at M = 0.90. 
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Figure 30.- Variation of subsonic t a i l  i n t e r f e r e n c e  incremental  drag c o e f f i c i e n t  
with pressure  r a t i o .  So l id  symbols r ep resen t  je t -of f  va lues .  
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Figure 31 .- Variation of 	subsonic t a i l  in te r fe rence  parameter w i t h  
pressure r a t i o .  
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Figure 32.- Variat ion of t a i l  i n t e r f e rence  parameter and incremental  drag 
c o e f f i c i e n t  w i t h  pressure  r a t i o  f o r  supersonic  Mach numbers. Sol id  
symbols represent  je t -of f  values .  
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Figure 33.- Summary of‘ tail interference at jet-off and at scheduled 
pressure ratio conditions. 6, = 00. 
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Symbols r ep resen t  va r ious  s t a t i c  runs.  
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Figure 36.- Continued. 
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Figure 36.- Continued. 
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Figure  36 . - Concluded. 
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Figure 37.- Effect of ho r i zon ta l - t a i l  de f l ec t ion  w i t h  120 
t h r u s t  vector ing.  Vertical t a i l s  off .  
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Figure 37.- Continued. 
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Figure 37.- Continued. 
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Figure 38 .- Effect of v e r t i c a l - t a i l  i n s t a l l a t i o n  on ' 12O 
wedge t h r u s t  vector ing characterist ics.  
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Figure  38.- Continued. 

102 


CL 



Vertical Tail 
0 Off 
0 Single
0 Twin 

0 


c, -40 

-80 


2 4 5 6 7 


( d )  M = 0.90; c1 = 0'. 

Figure  38.- Concluded. 
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Figure 39.- Effect of h o r i z o n t a l - t a i l  def lec . t ion on 240 
wedge t h r u s t  vector ing c h a r a c t e r i s t i c s .  
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Figure 39.- Continued. 
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Figure 40.- Effect of twin vertical-tail installation 
on 2 4 O  wedge thrust vectoring characteristics. 
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Figure 40 .- Continued. 
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Figure 40.- Continued. 
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Figure 40.- Concluded. 
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Figure 41.- Effect of nozzle pressure  r a t i o  and Mach number on incremental 
l i f t  c h a r a c t e r i s t i c s .  

112 




M-0.60 

M-0.80 

M - 0.90 

1 2 ' 3 4 5 6 1 2 3 4 5 6 


(b) = 24O. 

Figure  41 .- Concluded. 



Vertical tails off 


0 


-.1 


-.2 


'i 

6,, deg Vertical tails 6,,, deg 

0 off 0 Off 0 

0 -4 .  0 Single 0 
0 0 0 Twin 0 
A 4 

h 8 
 ... . .. 

M.O.60 

M =O-m 

2 3 4 5 6 


Figure 42.- Effec t  of t h r u s t  vector ing v a r i a t i o n  on incremental  t h rus t ­
minus-drag characteristics f o r  var ious  configurat ions.  
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Figure 42.- Concluded. 

115 




I I  T I  I I I  I I  
1.4 

1
/ /  I I I  

= c  #/ /  
1.2 

I I 
/ I
I I 


I I 
j j  1.0 

I I 
/ /  
I I  .8
/ I 
I I  

/ I  
.35 I I  .6I I  


! !i l  

!L .N b - 62.80 . 4  


Fi 


.25 .2 


0 


-.2 
1 @ = 134.80 

1 = 13 

-.4 


-.6 

4 5 6 2 3 4 5 


Figure 43.- S t a t i c  reverse- thrus t  c h a r a c t e r i s t i c s  for dry power nozzle .  
Symbols represent  var ious  s t a t i c  runs.  
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Figure 44.- Effect of thrust reversing on aerodynamic characteristics. 
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Figure  44.- Continued. 
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Figure 45.- Effect of rudder de f l ec t ion  on aerodynamic c h a r a c t e r i s t i c s  
w i t h  reverse  t h r u s t .  S ingle  v e r t i c a l  t a i l ;  6h = 00. 
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distribution. 
CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 

Details on the availability of these 

to merit NASA distribution in English. 

S P E C 1 ~PUBLICAT1oNS: Information 
derived from or of value to NASA activities. 
Publications include final reports of major 
projects, monographs, data compilations, 
handbooks, sourcebooks, and special 
bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other-non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and 
Technology Surveys. 

publications mby be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE 

N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  
Washington, D.C. 20546 


